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ABSTRACT
The oxygen and nitrogen abundance evolutions with redshift of emission-
line galaxies in the Sloan Digital Sky Survey are considered for four intervals of
galaxy stellar masses, ranging from 1011.3 M⊙ to 10
10.2 M⊙. We have measured
their line fluxes and derived the O and N abundances using recent calibrations.
The evolution of O and N abundances with redshift clearly shows the galaxy
downsizing effect, where enrichment (and hence star formation) ceases in high-
mass galaxies at earlier times and shifts to lower-mass galaxies at later epochs.
The origin of the scatter in the N/H – O/H diagram has been examined. The
most massive galaxies, where O and N enrichment and star formation has already
stopped, occupy a narrow band in the N/H – O/H diagram, defining an upper
envelope. The less massive galaxies which are still undergoing star formation at
the current epoch are shifted downwards, towards lower N/H values in the N/H –
O/H diagram. This downward shift is caused by the time delay between N and O
enrichment. This time delay together with the different star formation histories
in galaxies is responsible for the large scatter in the N/H – O/H diagram.
Subject headings: galaxies: abundances – galaxies: evolution
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1. INTRODUCTION
Oxygen and nitrogen are key elements in the study of the chemical evolution of galax-
ies. The N/O – O/H (or N/H – O/H) diagram has been considered by many authors
(e.g. Edmunds & Pagel 1978; Matteucci & Tosi 1985; Pilyugin 1992, 1993; Henry et al. 2000;
Gavila´n et al. 2006; Izotov et al. 2006). A prominent feature of this diagram is that, in its
high-metallicity part (12+log(O/H) & 8.3), the N/H abundance ratio shows a large scat-
ter at a fixed value of the O/H abundance ratio (Henry et al. 2000; Pilyugin et al. 2003;
Lo´pez-Sa´nchez & Esteban 2010). The N/H value for a given O/H contains important infor-
mation about the heavy element enrichment history of a galaxy, and consequently, about its
star formation history. Therefore, an explanation of the origin of the scatter in the N/H –
O/H diagram is key to understanding the evolution of galaxies.
Two main explanations are presently considered to account for the scatter in normal
spiral galaxies: 1) the time delay between nitrogen and oxygen enrichment; and 2) the
local enrichment in nitrogen by Wolf-Rayet (WR) stars. Concerning the first explanation,
Edmunds & Pagel (1978) have noted that, due the fact that O and N are produced in
stars of different masses, there can be a significant time delay between the release of O,
produced in high-mass stars, and that of N, produced in intermediate-mass stars, into the
interstellar medium (ISM). The N/O ratio of a galaxy then becomes an indicator of the time
that has elapsed since the last episode of star formation. Current stellar evolution models
predict that N is mainly manufactured and ejected into the ISM by intermediate-mass stars
with masses greater than 3-4M⊙ (Renzini & Voli 1981; van den Hoek & Groenewegen 1997;
Marigo 2001; Gavila´n et al. 2005), although massive stars can contribute, at least at low
metallicities (Chiappini et al. 2005). This suggests that the time delay between N and O
enrichment in galaxies is 250 – 400 Myr, depending on the adopted stellar mass–lifetime
relation (Romano et al. 2005). Properties of the observed N/O – O/H diagram can generally
be reproduced by chemical evolution models of galaxies by taking into account a time delay
(Matteucci & Tosi 1985; Pilyugin 1992, 1993, 1999; Henry et al. 2000; Contini et al. 2002;
Gavila´n et al. 2006). The exact value of the time delay is however still a subject of debate
(Pilyugin et al. 2003; Richer & McCall 2008; Thuan et al. 2010).
Concerning the second explanation, it is known (Lo´pez-Sa´nchez & Esteban 2010, and
references therein) that some galaxies with WR features have a high N/O ratio. This suggests
that the ejecta of WR stars may locally enrich the ISM in N. Henry et al. (2000) noted
that most points in the N/O – O/H diagram cluster at relatively low N/O values. This
led them to conclude that the lower envelope is the “equilibrium” unperturbed locus and
that the observed scatter is the result of intermittent increases in N, caused by the local
contamination by WR stars or luminous blue variables. Izotov et al. (2006) also arrived at
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the same conclusion.
Selective heavy element loss through enriched galactic winds may also introduce scatter
in the N/O ratios. It is believed, however, that galactic winds play an important role in the
chemical evolution of only dwarf galaxies, not of giant spirals (e.g. Pilyugin et al. 2004).
In recent years, the number of good-quality spectra of emission-line galaxies has in-
creased dramatically due to the completion of several large spectral surveys, and in partic-
ular of the Sloan Digital Sky Survey (SDSS) (York et al. 2000). This opens the possibility
of using the SDSS spectral base to study the evolution of O and N abundances in galaxies
in the redshift range z . 0.4 (e.g. Tremonti et al. 2004). In a previous study (Thuan et al.
2010), we have considered the evolution of O and N abundances in galaxies with different
stellar masses. We have found clear evidence for galaxy downsizing, where the sites of active
star formation and hence of metal enrichment shift from high-mass galaxies at early cosmic
times to lower-mass systems at later epochs (Cowie et al. 1996). All enrichment ceases in
the most massive galaxies at late cosmic times. This downsizing effect provides a remark-
able opportunity for clarifying the origin of the scatter in the N/H – O/H diagram. Indeed,
if the scatter is caused by a time delay between O and N enrichment in galaxies, then it
should be minimized for the most massive galaxies where enrichment has stopped. On the
other hand, one should expect that the N/H ratios of the less massive galaxies (those with
significant star formation at the current epoch) to be shifted towards lower values relative
to the massive galaxies in the N/H – O/H diagram, because there is a time delay between
N and O enrichment and N has not yet been released in the ISM.
We examine in this paper whether the time delay is in fact responsible for the large
scatter in the N/H – O/H diagram. Our previous study was based on the MPA/JHU
catalogs of automatic line flux measurements of the SDSS spectra (see Brinchmann et al.
(2004); Tremonti et al. (2004) and other publications of those authors). The accuracy of
such automatic line flux measurements seems is not good enough for investigating the origin
of scatter in the N/H – O/H diagram. We have thus decided to manually measure the line
fluxes of the SDSS spectra. This provides us with more accurate line flux measurements,
especially for spectra of objects with the largest redshifts, those with redshifts between 0.3
and 0.4.
2. SAMPLE SELECTION
We first extract from the MPA/JHU catalogs four subsamples of emission-line galaxies,
each covering a different interval of galaxy stellar mass, centered respectively on the mass
– 4 –
values MS = 10
11.3M⊙, 10
11.0M⊙, 10
10.6M⊙, and 10
10.2M⊙. To have a reasonable number of
galaxies in each subsample and in order for the galaxies to cover the whole redshift range in
a roughly uniform fashion, the mass interval dM was chosen to be small and to vary from
0.0015 to 0.10 dex, depending on the redshift and MS. For each mass interval, we have
extracted from the MPA/JHU catalogs emission-line galaxies with automatic measurements
of fluxes in the Hβ, Hα, [O ii]λλ3727,3729, [O iii]λ5007, [N ii]λ6584 emission lines. We
impose the additional restrictions that the galaxies have equivalent widths EW (Hβ) > 10
A˚ (this criterion applies only to galaxies with redshifts < 0.3, as we did not wish to reduce
further the very small number of galaxies with z > 0.3), EW ([O ii]λλ3727,3729) > 3 A˚,
EW ([O iii]λ5007) > 3 A˚, and EW ([N ii]λ6584) > 2 A˚. These additional restrictions insure
that the chosen galaxies have a reasonably high star formation rate, giving rise to reasonably
strong emission lines that can be measured with good accuracy.
Each so chosen spectrum was then examined visually and the noisy spectra were re-
jected. The line fluxes of the remaining galaxies were then measured with IRAF 1. The
[O iii]λ5007)/Hβ vs [N ii]λ6584)/Hα diagram was then used to reject AGNs (Baldwin et al.
1981), with the dividing line between H ii regions ionized by star clusters and AGNs taken
from Kauffmann et al. (2003).
The wavelength range of the SDSS spectra is 3800 A˚ – 9300 A˚, so that for nearby
galaxies with redshift z . 0.023, the [O ii]λ3727+λ3729 emission line is out of the observed
range. Thus, all galaxies in our total sample have redshifts greater than ∼ 0.023. For distant
galaxies with redshift z & 0.33, the [S ii]λλ 6717,6731 emission lines are out of the observed
range. The sulfur line intensities are usually used as indicators of the electron density. They
serve also to distinguish between hot and warm H ii regions, in the framework of the ON
calibrations of Pilyugin et al. (2010). Since the sulfur lines are not present, we will assume
the electron density to be equal to 100 cm−3 and that our sample does not contain hot H ii
regions (i.e. those with 12+log(O/H) . 8.0). The redshift z and stellar mass MS of each
galaxy were taken from the MPA/JHU catalogs. When the stellar mass of a galaxy with
redshift z > 0.3 is not available in the MPA/JHU catalogs, we estimated it from its absolute
1IRAF is distributed by National Optical Astronomical Observatories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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magnitude Mz, its colour mz–mr and its Hβ equivalent width, using the relation
logMS = −0.459Mz − 0.775 (mz −mr) + 0.363 + 0.083 logEW (Hβ)
for (mz −mr) < −0.3
logMS = −0.61Mz + 0.43 (mz −mr)− 2.58− 0.24 logEW (Hβ)
for (mz −mr) > −0.3
(1)
where the galaxy stellar mass MS is in units of solar masses. This relation was derived
by fitting the data for galaxies in the redshift interval 0.3 < z < 0.4 with available stellar
masses in the MPA/JHU catalogs. We caution that this relation is not a general relation
for the determination of galaxy stellar masses. It applies only within the small particular
redshift interval defined above. We stress also that the derived masses serve only to select
galaxies with various masses to populate our different subsamples and are not used in any
calculation.
Our final database consists of 221 spectra of galaxies with MS = 10
11.3M⊙ (with 74
objects with MS derived from Eq. 1), 259 spectra of galaxies with MS = 10
11.0M⊙ (60
objects with MS from Eq. 1), 244 spectra of galaxies with MS = 10
10.6M⊙ (32 objects
with MS from Eq. 1), and 152 spectra of galaxies with MS = 10
10.2M⊙ (7 objects with
MS from Eq. 1). The measured emission-line fluxes are then corrected for interstellar
reddening using the theoretical Hα to Hβ ratio, in the same way as in Thuan et al. (2010).
O and N abundances are then estimated for each galaxy, using the recent ON calibrations
of Pilyugin et al. (2010). These calibrations give both O and N abundances over the whole
metallicity range with a satisfactory precision. Pilyugin et al. (2010) found that the mean
differences between O abundances determined from these calibrations and from the direct Te
method based on the [O iii]λ4363 line is only ∼0.075 dex for O abundances, and only ∼0.05
dex for N abundances.
3. GALAXY DOWNSIZING AND THE ORIGIN OF THE SCATTER IN
THE N/H – O/H DIAGRAM
We first check the accuracy of our abundance determinations. Fig.1 shows the N/H
– O/H diagram. The gray points represent galaxies in our four SDSS subsamples with O
and N abundances derived from the ON calibrations. The dark triangles show H ii regions in
nearby galaxies (Pilyugin et al. 2010), with O and N abundances derived with the Te method,
commonly thought to be the most accurate one. It is seen that the galaxies in our SDSS
subsamples occupy the same region in the N/H – O/H diagram as the H ii regions in nearby
galaxies with O and N abundances derived through the Te method. This confirms that our
– 6 –
ON-calibration-based O and N abundances are quite reliable. The remarkable feature to
note in the N/H – O/H diagram is the large scatter in N/H values at a given O/H value.
This holds as much for SDSS objects as for H ii regions in nearby galaxies.
We next investigate the redshift evolution of O abundances in each of the four galaxy
mass ranges (Fig.2). In each panel labeled by the galaxies’ masses, the filled gray circles show
individual galaxies. The solid line is the best least-squares fit to those data. Inspection of
the upper panel shows that there is no systematic variation with redshift of the O abundance
in galaxies with masses ∼ 1011.3M⊙ up to z = 0.4. This implies that these galaxies have
reached a high astration level some 4 Gyr ago, and have been somewhat ”lazy” in their
evolution afterwards. The average value of the O abundances for galaxies with stellar mass
MS = 10
11.3M⊙ is remarkably close to the O abundance in the Orion nebula (12+log(O/H) =
8.51) obtained by Esteban et al. (2004). It is also in good agreement with the O abundances
in nearby luminous galaxies obtained by Moustakas et al. (2010), using the calibration of
Pilyugin & Thuan (2005).
Comparison between the different panels of Fig.2 shows clearly the effect of galaxy
downsizing. Massive galaxies do not show O enrichment: they already reach a relatively
high O abundance at z = 0.4, and that abundance remains nearly constant until z = 0. The
less massive galaxies do show O enrichment: they have lower O abundances at z = 0.4, but
these increase from z = 0.4 to z = 0, and at the present epoch, they are nearly the same as
in massive galaxies.
We next investigate the origin of the scatter in the N/H – O/H diagram. The upper left
panel of Fig.3 shows that diagram for the subsample that contains our most massive galaxies,
those with masses ∼ 1011.3M⊙. It is seen that the scatter in the N/H – O/H diagram for
this subsample of galaxies is small, especially for galaxies with z . 0.3 (see Fig. 4, to be
discussed later). Using this subsample, we have derived the following relation between N/H
and O/H abundances
log(N/H) = 2.596 (±0.118) log(O/H)− 14.359 (±1.001). (2)
This relation has been derived in an iterative manner. First, a least-squares fit was obtained
for all data points with z < 0.3. Then, objects with deviations larger than 2σ were rejected
and a new least-squares fit derived. The final fit is obtained when, after several iterations,
the fits for two consecutive ones coincide. The scatter in the N/H values relative to the final
fit is σ = 0.037 dex. The derived N/H – O/H relation is shown in the upper left panel of
Fig.3 by a solid line, while the dashed lines show ±2σ shifts from that relation. It should
be noted that this N/H – O/H relation is derived for a relatively small range of O/H and,
consequently, its slope cannot be determined with a high precision. Therefore, it should not
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be used for O/H values beyond the above specified range. To establish a more general N/H –
O/H relation, a sample of objects covering a more extended range in O/H would be needed.
The above relation links N/H and O/H in galaxies where O and N enrichment has
already ceased. One would expect that galaxies with significant star formation in the near
past would be displaced towards lower N/H values in the N/H – O/H diagram relative to
this relation, because of the time delay between N and O enrichment. Comparison between
the four panels of Fig.3 clearly shows this effect. The most massive galaxies define an upper
envelope in the N/H – O/H diagram and they do not show significant star formation in the
last 4 Gyr (Fig.2). The lower-mass galaxies are shifted towards lower N/H values and they
show significant star formation during the same period (Fig.2). This is solid evidence that
the differences in N/H for galaxies with a given O/H are caused by the time delay between
N and O enrichment.
Fig.4 shows how the deviations of the N abundance from the N/H – O/H relation
(Equation 2) vary with mass and redshift. The gray points represent individual galaxies.
The dashed lines show ±2σ deviations from that relation. The N evolution with redshift in
galaxies of different masses is a clearly due to a galaxy downsizing effect. As the universe
ages, the sites of star formation shift from high-mass galaxies (log M = 11.3), where star
formation and O and N enrichment have ceased more than 4 Gyr ago, to lower-mass galaxies
(log M < 11.3) where active star formation and O and N enrichment are still ongoing.
Comparison of Figs.4 and 2 shows that the downsizing effect is more prominent for N than
for O. This is because N is a secondary element while O is a primary one.
To have comparable numbers of galaxies with low redshifts (0.02 < z < 0.15) in the
highest-mass subsample of galaxies (MS = 10
11.3M⊙) and in the lowest-mass subsample (MS
= 1010.2M⊙), we had to use a mass interval dM = 0.10 in the first case, and a value about
66 times lower, dM = 0.0015, in the second case. This implies that, at the current epoch,
star formation events occur nearly two orders of magnitude more often in low-mass galaxies
than in high-mass ones. Because of the time delay between O and N enrichment, there is a
downward shift towards lower N/H values for low-mass galaxies in the N/H – O/H diagram
(Fig.4). This naturally explains the finding of Henry et al. (2000) that most of the local
dwarf star-forming galaxies cluster at relatively low N/O values in the N/O – O/H diagram.
4. CONCLUSIONS
The O and N abundance evolutions with redshift in emission-line galaxies from the
Sloan Digital Sky Survey (SDSS) are investigated. To investigate the galaxy downsizing
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effect, we have measured line fluxes of selected galaxies in four intervals of galaxy stellar
masses, ranging from 1011.3 M⊙ to 10
10.2 M⊙. The O and N abundances have been derived
using the recent accurate calibrations of Pilyugin et al. (2010).
We have found that the O and N abundance evolutions with redshift of the galaxies in
our sample clearly show the galaxy downsizing effect (Cowie et al. 1996), where enrichment
(and hence star formation) is shifted from high-mass galaxies at earlier cosmic times to
lower-mass galaxies at later epochs.
We have examined the origin of the scatter in the N/H – O/H diagram. We have found
that the most massive galaxies where O and N enrichment and star formation has already
stopped, occupy a narrow band in the N/H – O/H diagram, defining an upper envelope. On
the other hand, the less massive galaxies with significant star formation at the current epoch
are shifted downwards, towards lower N/H values. The scatter of N/H for a given O/H
is caused by the time delay between N and O enrichment and the different star formation
histories in different galaxies.
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Fig. 1.— The N/H – O/H diagram. The gray (light-blue in the electronic version) points
represent individual galaxies from our four SDSS subsamples with oxygen and nitrogen
abundances derived from the ON calibrations of Pilyugin et al. (2010). The dark (black in
the electronic version) triangles show H ii regions in nearby galaxies (from a compilation of
Pilyugin et al. (2010) with oxygen and nitrogen abundances derived with the Te method. (A
color version of this figure is available in the online journal)
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Fig. 2.— Oxygen abundances as a function of redshift for the four subsamples of galaxies
with different stellar masses. In each panel, labeled by the galaxy stellar mass, the gray
(light-blue in the electronic version) points represent individual galaxies. The solid (black in
the electronic version) line is the least-squares best fit to those data. The dark (red in the
electronic version) filled triangle in the top panel shows the Orion Nebula. (A color version
of this figure is available in the online journal)
– 12 –
6.5
7.0
7.5
8.0
8.5
8.2 8.3 8.4 8.5 8.6 8.7
1
2
+
l
o
g
(
N
/
H
)
12+log(O/H)
logMS=11.3
6.5
7.0
7.5
8.0
8.5
8.2 8.3 8.4 8.5 8.6 8.7
1
2
+
l
o
g
(
N
/
H
)
12+log(O/H)
logMS=11.0
6.5
7.0
7.5
8.0
8.5
8.2 8.3 8.4 8.5 8.6 8.7
1
2
+
l
o
g
(
N
/
H
)
12+log(O/H)
logMS=10.6
6.5
7.0
7.5
8.0
8.5
8.2 8.3 8.4 8.5 8.6 8.7
1
2
+
l
o
g
(
N
/
H
)
12+log(O/H)
logMS=10.2
Fig. 3.— N/H – O/H diagrams for the four subsamples of galaxies with different stellar
masses. In each panel, labeled by the galaxy stellar mass, the gray (light-blue in the electronic
version) points represent individual galaxies. The solid (black in the electronic version) line
in the left upper panel is the derived N/H – O/H relation (equation 2) for the most massive
galaxy subsample, with masses ∼ 1011.3M⊙. The dashed (black in the electronic version)
lines show the ±2σ shifts from this relation. These dashed lines are reproduced in all other
panels. (A color version of this figure is available in the online journal)
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Fig. 4.— Deviations of the nitrogen abundance from the N/H–O/H relation, derived for the
most massive galaxy subsample (equation 2), as a function of redshift for all four subsamples
of galaxies with different stellar masses. In each panel, labeled by the galaxy stellar mass, the
gray (light-blue in the electronic version) points represent individual galaxies. The dashed
(black in the electronic version) lines show the ±2σ deviations from the N/H–O/H relation.
(A color version of this figure is available in the online journal)
